Heritable primary hypophosphataemia due to an isolated renal tubular leak of phosphate is the most common type of metabolic ('vitamin D-resistant') rickets and is nearly always transmitted by an Xlinked dominant gene (Winters et al. 1958; Williams and Winters, 1972; Burnett et al. 1964 ). Sporadic cases due to new mutation are not uncommon (Burnett et al., 1964) and such patients may be expected to transmit the disease to their offspring in the X-linked manner. Autosomal dominant transmission has been suggested in very rare instances (Harrison, Lifshitz, and Johnson, 1966) but no other inheritance has been reported. The characteristic radiological, clinical, and biochemical features of X-linked rickets have been precisely delineated (Williams and Winters, 1972; Dent, Round, and Stamp, 1973) ; its apparently independent abnormalities in bone, kidney, and intestine present a pathogenetic problem which has been unanswered for nearly 40 years (Albright, Butler, and Bloomberg, 1937) .
We report for the first tirme a form of severe primary hypophosphataemic rickets in 2 sibs in which Received 11 August 1975. autosomal recessive transmission is the only satisfactory explanation of inheritance. This phenotype is similar to the X-linked form despite the involvement of a different gene, and this similarity helps provide a hypothesis for the natural history of both syndromes.
Case reports
Patients. Male IV.1. Born November 1953. Bow legs at 6 months worsened when he began to walk at 11 months. At 18 months he had thickening of the cranial sutures with early fusion, frontal bossing, and all physical signs of rickets except for myopathy. X-rays at this time (May 1955) are shown in Fig. IA . Serum calcium was 11 mg/l00 ml, phosphorus was abnormally low for his age at 3 -2 mg/100 ml, and alkaline phosphatase was raised at 42 King-Armstrong units. From the age of 4 months he had received up to 4 000 IU vitamin D daily; dosage was increased to 250 000 IU daily but reduced to 50 000 IU daily after an episode of hypercalcaemia. Despite radiological improvement, his bow legs remained. At the age of 5 (Fig. 2) Table) . X-rays showed generalized and marked increase in bone density (Fig. IB) , the long bones had extremely thick cortices, and the skull had a characteristic copper-beaten appearance. The optic foramina were normal but tomography of the internal auditory canal showed marked narrowing at several points throughout its length. Two small stones were present in the right kidney. Iliac crest biopsy showed a marked excess of osteoid tissue on the trabeculae and around the cortical lacunae; there was no excessive resorption. Microradiographs showed patchy perilacunar demineralization. Radio-iron and radio-chromium studies (kindly performed by Professor J. Stewart) showed (Fig. 2) . Investigations: serum calcium 10 6 mg/100 ml; phosphorus abnormally low for her age at 2-9 mg/100 ml; alkaline phosphatase raised at 41 KA units. Urea and electrolytes were entirely normal, and urinary phosphate/ creatinine clearance ratio was 0-05 (normal range 0-05-0 15). Treatment with small doses of calciferol was followed by bilateral osteotomies. Histology confirmed rickets. She was then treated with vitamin D initially 200 000 IU daily, but after an episode of intoxication (plasma calcium 16-6mg/100 ml) dosage was reduced to 50 000-100 000 IU daily. Bilateral Table) . She was discharged with her treatment unchanged on vitamin D2 100 000 IU daily. Bone histology showed excess osteoid tissue and a halo of deceased mineralization around the osteocyte lacunae. Tetracycline labelling of the calcification front was present.
Family. The parents, who came from southern Italy, were first cousins and the family pedigree is shown in Fig. 3 Table) . Bone x-rays were normal; the long bones were slim, straight, and without evidence of earlier growth arrest.
Mother III.6. Born July 1921, was healthy with no previous significant illness, and was short (height 154 cm) but normally proportioned. Bone x-rays were entirely normal; plasma biochemistry and indices of urinary phosphate excretion normal (see Table) .
Male sib IV.2. The third sib was born in 1955. Normal, healthy, no relevant past history. Height 173 cm; lower limbs normal on x-rays. Plasma biochemistry and indices of urinary phosphate excretion normal (see Table) . Full blood grouping was kindly performed by Dr. R. Sanger, and statistical calculation showed increased likelihood of stated (over random) paternity of 6 times, 15 times, and 11 times, respectively, in the case of IV.l, IV.2, IV.3. Blood group genes in the parents were between 2 and 4 times less likely to be found in random pairs of (English) spouses.
Discussion
The presence of severe primary hypophosphataemic rickets in two out of three sibs, offspring of healthy consanguineous parents with a third normal sib, can be satisfactorily explained only on the basis of autosomal recessive inheritance. There is no previous published report of this situation. Significance of the father's possible childhood rickets is uncertain but in view of his present normality it is either irrelevant or it represents a mild heterozygous state; clearly X-linkage could not be involved.
Our patients' homozygous disease shows in an exaggerated form the same abnormalities which occur in the X-linkage syndrome. These involve kidney, intestine, and bone, and in many respects they appear to be unrelated. Thus the kidney in our patients shows an unexplained tubular phosphate leak similar to that occurring in X-linked rickets, and persisting despite adequate control of rickets with high doses of vitamin D even to the point of intoxication. Intestinal calcium absorption is defective in X-linked rickets (not measured in our patients) and this is unaccountable since hypophosphataemia normally enhances it (Nature, 1973) . In bone there is in addition to 'vitamin D-resistant' rickets an unaccountable increase in density, the long bones having thick cortices and showing periosteal new bone formation (Williams and Winters, 1972; Dent et al., 1973; Stanbury and Lumb, 1962) . Craniostenosis may occur (Williams and Winters, 1972) and gross bony overgrowth in our patients has even caused perceptive deafness. Optic atrophy in sib IV.1 is a little more difficult to explain on this basis since the optic foramina appear normal, and the cause of his splenomegaly remains obscure.
In X-linked hypophosphataemia, rickets (or osteomalacia) ceases when growth stops and alkaline phosphatase levels, previously raised despite adequate therapy, fall to normal adult values (Dent et al. 1973 Two different genetic defects have thus produced a similar phenotype with the same 'unrelated' abnormalities, and a possible reason may be considered. Increased bone density in these patients is not simply a result of long-term high dosage with vitamin D, since it occurred in X-linked disease in the past before adequate vitamin D treatment, and it is not found among other hereditary forms of rickets for which equally large doses of vitamin D are given. Our patients with severe osteosclerosis received no higher doses of vitamin D than are normally required in X-linked rickets. There is strong evidence of mild secondary hyperparathyroidism in patients with primary hypophosphataemia. This is not an adequate explanation for their hypophosphataemia as was originally believed (Albright et al. 1937) , the renal tubular phosphate leak being now more correctly regarded as a 'primary' abnormality, and its possible importance may have been overlooked. Histological studies may show parathyroid hyperplasia (Albright and Sulkowich, 1938) , and others have recently reported mildly raised circulating parathyroid hormone levels (Arnaud, Glorieux, and Scriver, 1971; Lewy et al. 1972; Reitz and Weinstein, 1973) , overt secondary hyperparathyroidism when excessive phosphate supplements are given, and the development of parathyroid adenomata (Thomas and Fry, 1970; Hendrikx, Decraene, and de Moor, 1960) . Moreover, the effect of sustained parathyroid hormone infusions in young animals is to produce osteosclerosis (Walker, 1971; Kalu et al. 1970 ) and parathyroid activity also stimulates periosteal new bone formation, both of which are features in Xlinked rickets and in our patients. Finally, osteosclerosis is common in renal osteodystrophy in which secondary hyperparathyroidism is almost universal. We therefore propose that additional bony abnormalities (not the hypophosphataemia) in X-linked rickets and in our patients result from minor parathyroid overactivity throughout their growth period.
The question then arises as to a possible common cause for mild hyperparathyroidism, renal phosphate leak, and defective intestinal calcium transport. The actions of 1,25-dihydroxycholecalciferol (1, 25 (OH)2D) on its respective target organs may be relevant. Production of 1,25 (OH).D in X-linked rickets does not appear to be disturbed, since treatment with this active metabolite produces an inadequate response (Glorieux et al. 1973; Brickman et al. 1973) . The established target organs of 1,25(OH),D are intestine, where it enhances calcium absorption (Kodicek, 1974) , and bone where it stimulates resorption and may be important for remodelling, especially during growth (Raisz et al. 1972) . There is in addition strong evidence for a direct effect of vitamin D or its metabolites on kidney and on parathyroid glands. In kidney, 25-hydroxycholecalciferol and 1,25(OH),D stimulate renal tubular phosphate reabsorption (Puschett, Moranz, and Kurnick, 1972a; Puschett et al. 1972b; Pechet and Hesse, 1974 ) though the mechanism is unknown. However, a vitamin D-dependent calcium-binding protein (CaBP) has recently been shown in kidney (Wassermann, Taylor, and Fullmer, 1974) and since calcium itself also enhances phosphate reabsorption (Pechet and Hesse, 1974) vitamin D may perhaps exert its phosphate effect through renal CaBP. Whatever the actual mechanism it is clear that defective 1,25(OH),D activity in kidney could result in a renal phosphate leak. A calcium-binding protein has also been shown in parathyroid gland (Oldham, Fischer, and Arnaud, 1972) and there is strong evidence for a direct suppressive effect of vitamin D on parathyroid hormone secretion in humans with nutritional osteomalacia (Rasmussen et al. 1974 (Nature, 1973) . A number of genetic abnormalities could theoretically disturb this sequence at different sites and thus produce a similar phenotype. We propose that the natural history of both X-linked and autosomal recessive hypophosphataemic rickets results from separate disturbances of this sequence.
We are grateful to many doctors and nursing staffs who helped in the care of our patients, in particular to Dr. G. S. Udall for referring these patients, Dr. P. J. N. Cox, Dr. W. R. Cattell, Mr. A. Catterall, and Dr. Paul Byers.
Charts of the growth and biochemistry of these patients, and full family blood grouping may be obtained from the authors. 
